INTRODUCTION
The 13 proteins encoded by the human mitochondrial genome are essential for the maintenance of functional mitochondria and so for cell viability. Mutations in mitochondrial DNA (mtDNA) are responsible for a wide variety of inherited diseases (1, 2) and have been recently linked to sporadic neurodegenerative diseases (3) (4) (5) (6) . The accumulation of mtDNA mutations may also have a role in the normal ageing process (3) (4) (5) . In addition to mutations in the mtDNA, loss of the mitochondrial genome occurs in individuals with mtDNA depletion syndrome (MDDS) and related disorders such as progressive external opthalmoplegia (PEO), Alpers syndrome and ataxia-neuropathy syndrome. Symptoms of mtDNA depletion are heterogeneous and can include progressive muscle weakness, liver dysfunction and neurodegeneration (reviewed in 6). In recent years, molecular genetic studies of these disorders have found that mutations in several nuclear genes are linked to the depletion of mtDNA. The mtDNA polymerase catalytic subunit POLG and the mtDNA helicase TWINKLE have been linked to both PEO (7) (8) (9) and ataxianeuropathy syndrome (10, 11) , whereas at least five different genes that function in supplying the mitochondrial deoxynucleotide triphosphate pool have been linked to MDDS (reviewed in 6).
mtDNA is packaged into nucleoprotein complexes, or nucleoids (12, 13) . Approximately 30 different protein species have been identified as potential components of the mtDNA nucleoid (14 -17) . These include proteins with well-defined DNA-binding properties, such as Abf2/TFAM, mtSSB in vertebrates and Rim1 in yeast. Abf2 and TFAM are high-mobility group (HMG) DNA-binding proteins of eukaryotic origin, which are evolutionarily conserved from yeast to humans † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. ‡ Present address: Lillehei Heart Institute, University of Minnesota, 312 Church Street, Minneapolis, MN 55455, USA. (15) . In yeast, the HMG protein Abf2 binds non-specifically to the mitochondrial genome and is essential for mtDNA maintenance in cells grown on fermentable carbon sources (18, 19) . abf2D cells lose mtDNA when grown on glucose, producing respiratory-deficient petite cells which lack mtDNA (r 0 ) (18) . In mammals, the Abf2 homologue, TFAM, binds the mitochondrial genome (20, 21) , and mouse models have shown that it is essential for mtDNA maintenance in a variety of tissues (22, 23) . In addition, TFAM has a C-terminal tail, not found in Abf2, which enables it to act as a transcription factor that facilitates assembly and promoter recognition of the mitochondrial transcription machinery (20, 24, 25) .
In addition to the core HMG proteins, several other classes of proteins have been shown to be associated with the mitochondrial nucleoid. One class that occurs in both yeast and higher eukaryote nucleoids are metabolic proteins, such as aconitase and Ilv5 in yeast and 3-hydroxyacyl-CoA dehydrogenase in mammals (14, 16, 17) . Genetic evidence also suggests a role for aconitase and Ilv5 in mtDNA stability in yeast. mtDNA is unstable in aco1D and ilv5D cells, and overexpression of either of these proteins suppresses mtDNA loss in abf2D cells (15, 26) . We previously identified point mutations in Ilv5 that cause loss of either the branched chain amino acid biosynthetic function or the mtDNA stability function of this enzyme (27) . In the current study, we used the temperaturesensitive (ts) phenotype of one of these mutants (W327R) to screen for multicopy suppressors. This led to the identification of OXA1 and TIM17 as suppressors of the ts and mtDNA instability phenotypes in W327R and ilv5D cells. Overexpression of TIM17 also stabilizes mtDNA in abf2D cells, suggesting that Tim17 may be a general suppressor of mtDNA loss. To test this hypothesis, human TIM17A was overexpressed in human NT2 cybrids carrying A3243G mtDNA, which have been previously shown to lose mtDNA (28) . Overexpression of TIM17A significantly reduced mtDNA loss in these cells, and overextended time periods mtDNA loss was completely prevented, suggesting that Tim17 is a conserved suppressor of mtDNA loss.
RESULTS
We previously identified point mutations in the bifunctional nucleoid protein Ilv5 of yeast that compromised either branched chain amino acid biosynthesis or mtDNA maintenance (27, 29) . Here, the ts phenotype of the most severe ilv5 DNA stability mutant (W327R; (27, 29) ) was used to screen for multicopy suppressors that enabled the W327R strain to grow on glycerol-containing medium at 378C. Of 12 000 colonies screened, six suppressor clones (Supplementary Material, Table S1 ) were able to grow on YPGly at 378C. Recovery of plasmid DNA and sequencing of genomic inserts identified that three genes-PET122, the mitochondrial inner-membrane insertase OXA1 (30) and mitochondrial inner-membrane presequence translocase TIM17 (31,32)-were potentially responsible for the suppression. Cloning into low copy number centromeric plasmids (two to three copies per cell) and re-introduction of each gene into W327R cells revealed that pRS-PET122 transformants remained ts (data not shown), whereas the ts phenotype was partially suppressed in W327R cells transformed with either pRS-Oxa1 or pRS-Tim17 ( Fig. 1A ; all pRS vectors contain the low copy number centromeric replication origin). Increased Oxa1 and Tim17 expression in these transformants was confirmed by immunoblot ( Supplementary Material, Fig. S1 ). The suppression of the ts phenotype by OXA1 and TIM17 overexpression correlated with a 25% increase in mtDNA stability in pRSOxa1 transformants and a 32% increase in mtDNA stability in pRS-Tim17 transformants (mean percentage increase in r þ cells relative to pRS416 control at time course endpoint; Fig. 1B) . Interestingly, although the suppressor screen was performed using a high copy number vector, a 2-fold increase in Tim17 expression was sufficient to suppress mtDNA loss in W327R cells (Fig. 1B and Supplementary Material, Fig. S1 ). Therefore, OXA1 and TIM17 are novel suppressors of the ts and mtDNA instability phenotypes of the ilv5 mutant W327R.
If elevated expression of Oxa1 and Tim17 attenuates mtDNA instability, then oxa1D or tim17D mutants might have a mtDNA instability phenotype. tim17D cells are not viable and so we could not address this question for Tim17. However, oxa1D cells are viable but respiratory deficient (30) . Staining of oxa1D cells with DAPI indicated that they were largely devoid of mtDNA (Fig. 2C) . Thus, Oxa1 is normally required to maintain mtDNA in Saccharomyces cerevisiae.
One possible explanation for the increase in mtDNA stability in W327R cells caused by increased Oxa1 or Tim17 could be that these proteins affect Ilv5 or Abf2 protein levels. Ilv5 levels increased 3.5-fold in cells overexpressing OXA1 (Fig. 1C and D) , suggesting that OXA1 overexpression may stabilize mtDNA by increasing the abundance of this and possibly other nucleoid proteins, although not Abf2 (Fig. 1E) . In cells overexpressing TIM17, Ilv5 and Abf2 levels were similar to the control (Fig. 1C, D and E) , suggesting that the increase in mtDNA stability in these cells is not due to a change in Ilv5 or Abf2 protein levels.
To test whether OXA1 and TIM17 can suppress mtDNA instability in ilv5D cells as well as in the W327R hypermorph, ilv5D cells were transformed with pRS-Oxa1 and pRS-Tim17, and these transformants were assayed for mtDNA instability. Overexpression of OXA1 and TIM17 increased mtDNA stability in ilv5D cells by 65 and 76% respectively ( Fig. 2A) , demonstrating that OXA1 and TIM17 can increase mtDNA stability in the absence of Ilv5 as well as in the presence of mutant W327R protein.
The HMG group DNA-binding protein Abf2 is the most thoroughly characterized yeast mtDNA nucleoid component. abf2D cells rapidly lose mtDNA when grown on glucose, but unlike ilv5D cells (which produce r 2 petites), they produce r 0 petites (33) . The ability of Oxa1 and Tim17 overexpression to suppress ilv5 mtDNA instability phenotypes may be through a mechanism that is specific to Ilv5-mediated mtDNA stability or through a more general property of these proteins. To test this, we overexpressed Oxa1 and Tim17 in abf2D cells. Overexpression of OXA1 had no effect on mtDNA loss, whereas overexpression of TIM17 increased mtDNA stability in abf2D cells by 32% (Fig. 2B) . ILV5 was originally identified as a suppressor of mtDNA loss in abf2D cells (26) . Interestingly, overexpression of TIM17 suppressed the abf2D phenotype to a similar extent as overexpression of
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Human Molecular Genetics, 2009, Vol. 18, No. 1 ILV5 (34% increase in mtDNA stability; Fig. 2B ). These data suggest that TIM17 may be a general suppressor of mtDNA loss, whereas OXA1 is limited to the suppression of ilv5 phenotypes.
To address whether another component of the innermembrane translocase (TIM) complex (32) can suppress mtDNA loss, abf2D cells were transformed with a centromeric plasmid containing TIM23 (pRS-Tim23). pRS-Tim23 transformants had a similar mtDNA instability phenotype to abf2D cells (Fig. 2B) , suggesting that the ability of Tim17 to suppress mtDNA instability may be a specific property of this protein.
In a previous study, we showed that the introduction of A3243G mutant mtDNA into human NT2 teratocarcinoma cells was frequently associated with the loss of mtDNA (28) . Such cells provided a means of testing the hypothesis that high levels of Tim17 could suppress the loss of mtDNA in mammalian cells. There are two isoforms of Tim17 in man, Tim17A and Tim17B, the former being most closely related to S. cerevisiae Tim17 (Supplementary Material, Fig. S2 ). Therefore, additional copies of human TIM17A were introduced into NT2 r 0 cells carried on the plasmid pIRES.Hyg3, and the three clones (NT2.17A 1 , 17A 2 and 17A 3 ) that initially expressed TIM17A at levels 13-17-fold higher than sister clones containing empty vector (NT2.EV) were selected (Fig. 3A) .
Three TIM17A-overexpressing and three control lines (NT2.EV 1 , EV 2 and EV 3 ) were fused with cytoplasts harbouring 75% A3243G mtDNA, and clonal cybrid uridine auxotrophic (28,34) cell lines were selected. mtDNA levels were analysed from clones isolated 35-42 days after fusion. These were scored as having suffered mtDNA loss if they had ,60% of the level of mtDNA of a control cell line (143B osteosarcoma); clones with higher levels of mtDNA were categorized as falling within the normal range. By this measure, two-thirds of NT2.EV cybrids had reduced levels of mtDNA ( Fig. 3B and Table 1 ), recapitulating earlier experiments with NT2 cybrids carrying A3243G mtDNA (28) . In contrast, only 15% of cybrids derived from NT2.17A 1 and NT2.17A 2 fusion experiments lost mtDNA ( Fig. 3B and Table 1 ). Overall, five of 33 NT2.17 A 1 and A 2 cybrids had reduced levels of mtDNA compared with 33 of 50 NT2.EV cybrids (P , 5 Â 10 26 ). The increased frequency of mtDNA maintenance in sister cells (NT2.17A 1 and A 2 ) suggested that a high level of expression of TIM17A stabilizes A3243G mtDNA in the NT2 cell background. The data for cell line NT2.17A 3 appeared at first to undermine the hypothesis, as three quarters of NT2.17A 3 cybrids had low levels of mtDNA (Fig. 3B ). In the case of cell lines NT2.17A 2 and A 3 , there was an interval of 8 weeks between first quantifying TIM17A transcripts and cytoplast fusion, whereas NT2.17A 1 cells were fused to A3243G containing cytoplasts within a few days of quantifying TIM17 mRNA. Retrospective analysis of TIM17A expression of the NT2.17A 3 cell line revealed that overexpression decreased from 13-fold at first screening to 3-fold immediately prior to fusion, whereas NT2.17A 2 maintained a much higher level of TIM17A expression (Fig. 4) . Thus, a 3-fold increase in TIM17A transcript was insufficient to prevent mtDNA loss, whereas expression levels over 10-fold higher than controls favoured mtDNA maintenance.
Several NT2.EV 1 and NT2.17A 1 cybrids were monitored for an extended period to determine whether there were subsequent changes in mtDNA copy number. Eighty days after fusion, the level of mtDNA fell below the arbitrary threshold (60% of the mtDNA level of 143B osteosarcoma cells) in three of five NT2.EV 1 clones (Fig. 5A) . Two clones had lost all mtDNAs and the third had dropped to 20%, whereas only one of the five clones stably maintained its mtDNA. There was no such decrease in mtDNA copy number in any of the five NT2.17A 1 cybrids maintained up to 108 days after cybrid formation (Fig. 5B) . Thus, the benefit conferred by increased TIM17A expression appeared to be permanent.
In some cases, cybrids formed from the fusion of r 0 cells with cytoplasts colonies were allowed to merge and form a polyclonal cell line consisting typically of over 100 clones. Polyclonal NT2.17A 1 cybrids maintained their mtDNA, whereas mtDNA copy number fell to ,20% of the control value in a polyclonal NT2.EV 1 cybrid line (Fig. 5C ). These data further confirm the potential for Tim17 overexpression to prevent mtDNA loss.
NT2 cybrids that retained their mtDNA had a similar mtDNA copy number, irrespective of whether the cells had been transfected with pIRES.hyg.Tim17A. Hence, there was no suggestion that a high level of Tim17A induced an increase in mtDNA copy number in NT2 cells. Likewise, there was no effect on mtDNA copy number from 4-fold or 29-fold overexpression of Tim 17A in 143B cells ( Supplementary  Material, Fig. S3) . Surprisingly, overexpression of neither TFAM (35) nor Twinkle (36) is sufficient to produce an appreciable increase in copy number in cultured cells. This is in contrast to in vivo studies of TFAM, which have shown that mtDNA copy number is directly proportional to TFAM levels (37) . Therefore the possibility that TIM17A overexpression may increase mtDNA copy number above wild-type levels requires further testing in vivo.
To begin to investigate the mechanism by which Tim17 prevents mtDNA loss, RNAi was used to determine the effect of Tim17 gene-silencing on mtDNA copy number and nucleoid morphology. If Tim17A interacts directly with the nucleoid and is required for mtDNA maintenance, then depletion of Tim17A would be expected to reduce mtDNA copy number and/or alter nucleoid morphology. TIM17A gene-silencing had only a slight effect on mtDNA copy number, similar to ATAD3 repression, yet unlike ATAD3 RNAi there was no effect on mitochondrial nucleoid structure, size or number (Supplementary Material, Fig. S4 ) (38) . These data suggest that Tim17A is not normally required for mtDNA maintenance and is not a direct component of the mtDNA nucleoid.
DISCUSSION
Using a high copy number suppressor screen in budding yeast, we have identified OXA1 and TIM17 as novel suppressors of mtDNA instability in mutants of the bifunctional nucleoid gene ILV5. TIM17 is also able to suppress the severe mtDNA loss that occurs in cells lacking the TFAM homologue Abf2. In contrast, OXA1 overexpression has no effect in abf2D cells. In addition, TIM17A overexpression prevents short-and long-term mtDNA loss in human NT2 cybrids carrying A3243G mtDNA. Taken together, these data suggest that TIM17 may be a general suppressor of mtDNA loss. , pRS-Oxa1 (two independent transformant lines were used: OXA1-1 and OXA1-2) or pRS-Tim17 (two independent transformant lines were used: TIM17-1 and TIM17-2) were pre-grown in YNBG þ cas, then shifted to YNBD þ cas, aliquots removed at three time points and the fraction of petites in the population scored as in Figure 1B. (B) mtDNA loss in abf2D cells transformed with pRS416, pRS-ILV5 (ILV5), pRS-Oxa1 (OXA1), pRS-Tim17 (TIM17) or pRS-Tim23 (TIM23) was determined as in (A). (C) Wild-type and oxa1D cells were grown on YPD and stained with DAPI to identify mtDNA. The strong central staining in all cells is nuclear DNA, whereas the peripheral punctate staining is mtDNA (each punctate body contains one to two mtDNA genomes). oxa1D cells may be in the process of losing their mtDNA since, in some cells, a single punctate body can be seen in the mother cell and none in the daughter bud.
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The S. cerevisiae mitochondrial nucleoid contains at least 25 proteins, many of which have not been characterized with respect to their role in mtDNA inheritance (15, 16) . These proteins can be grouped into various classes according to function. One of the main classes is bifunctional metabolic enzymes that have presumably adapted to interact with mtDNA. Many of the bifunctional proteins identified as components of the yeast nucleoid have not been found in the mammalian equivalent. Some of these proteins, such as Ilv5, do not exist in mammals, but may be functionally replaced by metabolic proteins such as 3-hydroxyacyl-CoA dehydrogenase, an enzyme of fatty acid b-oxidation, which is found in human nucleoids (17) . The best characterized proteins in this class are Ilv5 and Aco1, both of which have been shown to prevent mtDNA loss in abf2D cells when overexpressed (15, 26, 27) . In addition, Aco1 and more recently Ilv5, have both been shown to bind mtDNA in vitro (39, 40) . In contrast, neither Oxa1 nor Tim17 has been identified in nucleoid preparations and so their ability to suppress mtDNA loss may be through an indirect mechanism.
OXA1 and TIM17 are the first multicopy suppressors of ilv5 mtDNA instability to be identified. Although Oxa1 and Tim17 are components of inner-membrane complexes that are involved in membrane insertion of mitochondrial proteins, our data suggest that the mechanism of Oxa1-mediated suppression differs significantly from that of Tim17. Oxa1 is a member of the conserved Oxa1/YidC/Alb3 protein family involved in membrane insertion of proteins (30, (41) (42) (43) . Oxa1 is the major component of the translocase machinery that inserts mitochondrial and nuclear encoded proteins into the inner membrane. Oxa1 has also been shown to interact with mitochondrial ribosomes and this association requires the matrix-exposed C-terminal region of the protein (44) . Perhaps, the increased interaction of Oxa1 with ribosomes when Oxa1 is overexpressed indirectly stabilizes mtDNA through upregulation or stabilization of mitochondrial translation.
Tim17 is highly conserved throughout eukaryotes and is a component of the TIM23 presequence translocase of the mitochondrial inner membrane (45, 46) . The TIM23 complex accepts preproteins from the outer-membrane TOM complex (A 1 -A 3 ) . Hygromycinresistant clones were expanded and RNA samples isolated for qPCR of TIM17A mRNA level relative to GAPDH. EV is the combined data from five control cell lines without the TIM17A gene and is arbitrarily set at 1. A 1 -A 3 are the three clones that initially expressed TIM17A at a level .10-fold that of EV cell lines. Other clones showing more modest increases in TIM17A expression were discarded. qPCR and last-cycle PCR analysis failed to detect mtDNA in pIRES.EV and pIRES.17A clones, confirming that they remained devoid of mtDNA after transfection (data not shown). (B) Three NT2 r 0 cell lines containing empty plasmid (EV 1 -EV 3 ) and three NT2 r 0 cell lines containing the TIM17A expressing plasmid (A 1 -A 3 ) were fused with donor cytoplasts (75% A3243G mtDNA). Cybrids were grown for 5 -7 weeks following fusion and mtDNA levels measured using qPCR. Each point represents a clonal cybrid cell line generated from these fusions. Levels of mtDNA are relative to the level of mtDNA in 143B cells that was arbitrarily set as 1. The table contains the same data as in Figure 3B and shows the number and percentage of cybrids with 40% less mtDNA than the 143B cell control, which is indicated on the chart by a horizontal broken line. . 3A) . Clones NT2.17A 2 and NT2.17A 3 were maintained in culture for a further 8 weeks before fusing to cytoplasts carrying A3243G mtDNA; at this time, RNA was again isolated and used to estimate TIM17A mRNA levels by qPCR (columns 3 and 5).
and directs them either for insertion into the inner membrane or, in cooperation with the presequence translocase-associated motor (PAM), to the matrix (45, 46) . Tim17 is unlikely to form part of the translocase channel itself, since structural studies have shown that recombinant Tim23 is able to form channels in vitro (47) . Rather than forming part of the channel, Tim17 is critical in conferring the dynamic properties of the TIM23 complex and in connecting TIM23 to the PAM complex. Patch clamp studies of reconstituted inner membranes recently showed that the TIM23 complex is composed of cooperatively gated twin pores (48) . Tim17 is necessary for regulating pore structure and voltage gating of the Tim23 channel, such that depletion of Tim17 causes collapse into a single pore (48) . Moreover, Tim17 has been shown to be required for the innermembrane insertion function of the TIM23 complex and to act as a direct link to the PAM through interaction with Pam18 (31) . Given the multiple concerted roles of Tim17, its expression level and stoichiometry within the TIM23 complex may be particularly important.
Although mtDNA copy number, size and individual nucleoid components differ significantly between yeast and mammals, the mode of inheritance of the genome and functional classes of the proteins composing the nucleoid are similar (12, 13) . The ability of Tim17 to prevent mtDNA loss in yeast and human cultured cells further suggests that there are conserved elements to mtDNA inheritance between the two systems. However, there are several phenotypic differences in Tim17-mediated prevention of mtDNA loss between yeast and human cells. Tim17 overexpression only partially suppresses mtDNA loss in abf2D cells. Similarly, overexpression of TIM17A in NT2 cybrids did not prevent mtDNA loss in all clones 5 -7 weeks after fusion. However, in long-term experiments, mtDNA levels were similar to wildtype in all cybrid clones tested, as well as in a pooled population. Loss of mtDNA in yeast results in markedly different physiological changes compared with human cells. When grown on a fermentable carbon source, yeast cells can switch to fermentative metabolism and so the selective pressure to maintain a functional mitochondrial genome is reduced. This possibility does not exist in higher eukaryotes, and so the long-term stability of mtDNA in human cells overexpressing Tim17 may be a result of the strong selective pressure to maintain a functional mitochondrial genome.
The yeast and mammalian cell models of mtDNA loss used in this study, which are suppressed by overexpression of Tim17, are analogous to the mtDNA depletion seen in MDDS and related disorders (6) . In recent years, these diseases have been shown to be linked to mutations in genes whose products function in mtDNA replication or supply mitochondria with the nucleotide precursors of replication (6) . Given that Abf2 is a key regulator of mtDNA copy number (49) , the ability of Tim17 to ameliorate mtDNA loss in abf2D and A3243G cells 
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imply that increasing Tim17 activity may have the potential to be of therapeutic benefit in MDDS and related disorders. Since Abf2 is directly involved with mtDNA transactions, it seems more likely that such a strategy would be beneficial in diseases linked to mutations in proteins that function at the mtDNA replication fork, such as POLG and TWINKLE, rather than those which are involved in mitochondrial dNTP supply. The recently identified inner-membrane protein MPV17, mutated in infantile hepatic mtDNA depletion (50), may also be an interesting target.
To test the ability of Tim17 to prevent mtDNA loss in human cells, we used human NT2 teratocarcinoma cells containing A3243G mutant mtDNA. Since NT2 cells are tumour-derived, they may not be wholly representative of in vivo mtDNA loss. However, the failure to maintain A3243G mutant mtDNA in these cells does provide a valuable system for testing factors that potentially affect mtDNA loss. The A3243G mutation is often associated with the mitochondrial disease mitochondrial encephalo(myo)pathy, lactic acidosis and stroke-like episodes, or MELAS (51) . A3243G is located in the leucine tRNA gene (51) and negatively affects the steady-state level, aminoacylation and extent of wobble base modification of tRNA Leu(UUR) (52 -54) . The mechanism by which A3243G mtDNA in NT2 cybrids is lost has not been elucidated, but it may be analogous to the mtDNA instability in yeast caused by mutations in genes required for mitochondrial protein synthesis (55, 56) . It has been suggested that the inhibition of mitochondrial translation causes perturbation of the membrane potential (due to the lack of a component encoded by the mitochondrial genome), which prevents the import of specific proteins required for mtDNA stability (56) . Overexpression of Tim17 may ameliorate this defect by increasing uptake of factors such as structural components of the nucleoid, or proteins involved in mtDNA replication or transmission (12, 16, 17) . In accordance with this hypothesis, Iborra et al. (57) have suggested that the TIM23 complex is closely associated with mitochondrial ribosomes in order to coordinate the assembly of protein complexes encoded by both nuclear and mitochondrial genomes. It is unlikely that Tim17 is a physical component of the nucleoid since it has never been identified in yeast or animal mitochondrial nucleoprotein preparations (14, 15, 17, 38) . As such, Tim17 is unlikely to prevent mtDNA loss by binding to and physically stabilizing mtDNA in the manner of aconitase (39) or Ilv5 (40) in abf2D cells. Another argument against Tim17A interacting directly with nucleoids is the lack of effect of Tim17A RNAi on mitochondrial nucleoid structure, size or number.
Regardless of the mechanism, Tim17 has the ability to prevent mtDNA loss in both yeast and human cells. Moreover, this study is the first to identify a gene that can potentially prevent mtDNA loss in humans. Future studies will be aimed at determining the mechanism of Tim17-mediated prevention of mtDNA loss and testing Tim17A overexpression in other models of mitochondrial disease.
MATERIALS AND METHODS

Yeast strains and growth conditions
Yeast strains described were derivatives of 14CWW (MATa ade2-1 ura3-52 trp1 leu2-3,112 r þ ), 14CWWilv5D (MATa ade2-1 ura3-52 trp1 leu2-3,112 ilv5::URA3 r þ ), W327R
(containing the strongest a þ D 2 ilv5 allele integrated at the ILV5 locus, (27, 29) , 14CWWabf2D (26) or W303 (MATa leu2-3,112 his3-11,15 trp1-1 can1-100 ade2-1 ura3-1). The oxa1D strain was obtained by tetrad dissection of the commercially available strain diploid YER154W (Invitrogen).
Yeast cells were grown at 308C in YP medium (1% yeast extract and 2% bactopeptone) containing either 2% dextrose (YPD), 3% glycerol (YPGly) or YNB medium (0.67% yeast nitrogen base without amino acids) containing 1% casamino acids and either 2% dextrose (YNBD þ cas) or 3% glycerol (YNBG þ cas). Additional amino acids were supplemented as required.
To measure petite formation in the various strains, mid-log-phase cultures of strains grown in YNBGþcas medium were transferred to YNBD þ cas medium and grown for the required number of generations. At various time points, cells were plated onto YNBD þ cas plates and grown for 3 days at 308C. r þ and petite colonies were distinguished by 2,3,5-triphenyltetrazolium chloride (TTC) overlay (58), using 0.2% TTC (Sigma) in 0.8% agarose. Between 50 and 300 colonies were counted for each time point.
Multicopy suppressor screen
The W327R strain was transformed with a Yep24 URA3 yeast genomic library (59) and grown on YNBD þ cas plates. About 12 000 URAþ transformants were recovered. These colonies were then replica-plated into YPGly and YNBD þ cas. The YPGly plates were incubated for 3 -4 days at 378C, to identify cells able to grow at the non-permissive temperature. Suppressor colonies were re-streaked on YPGly at the non-permisive temperature and plasmid DNA recovered from these clones. Genomic inserts in each plasmid were sequenced at both ends and compared with the S. cerevisiae genome using NCBI BLAST search.
Plasmid construction pRS416-ILV5 was described previously (26) . The PET122 coding sequence (PET122 has a complex promoter) was cloned by PCR using primers: 5 0 -CATAAGAACTCTA GACGTCATGGTGACTATCACG-3 0 and 5 0 -GCTCCAC GTCGACTTATGTGTTGATTTCAAATCC-3 0 . The PCR product was then digested with XbaI and SalI and ligated in to p416-TEF (60). TIM17 was cloned using primers 5 0 -GATGAAAACACTAGTCGATACGGCC-3 0 and 5 0 -TAA AAGGCTCGAGAATACATCTGGC-3 0 , which amplify the coding sequence and promoter region. The PCR product was then digested with SpeI and XhoI and ligated into pRS416 (61) . The OXA1 coding sequence (OXA1 has a complex promoter) was amplified using primers 5 0 -CCACAGAATAA ACTAGTCGACGATCAAACTC-3 0 and 5 0 -CAGAGAGAT ATAGAGTCGACATTCATTTTTTG-3 0 , then digested with SpeI and SalI and cloned into p416-TEF. The Tim23 coding sequence and promoter region were amplified using primers 5 0 -GATACTAGTCGCAGTCGTGGTGACTCTGG-3 0 and 5 0 -CGGTGCACTTGTCTCGAGTTTTTTCAAGC-3 0 , digested with SpeI and XhoI and cloned into pRS416. Restriction enzyme sites are in boldface. All constructs were confirmed by DNA sequencing.
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Immunoblotting
Immunoblotting was performed as in Bateman et al. (29) . Antibodies used were rabbit anti-Ilv5 (16) and mouse antiPorin (Molecular Probes). Rabbit anti-Tim17, anti-Tim23 (62) and anti-Oxa1 (63) were kindly provided by Thomas Langer. Anti-rabbit or anti-mouse immunoglobulin G-coupled horseradish peroxidase (Bio-Rad) were used as secondary antibodies and were visualized using the ECL system (Amersham Biosciences). To determine fold changes in protein levels in transformants, immunoblot bands were quantified using ImageJ. The integrated density of each band of interest was divided by the integrated density of the porin band in the same lane. The relative increase in the protein was calculated by comparison with the level of same protein in control cells transformed with empty vector (pRS416). The average increase from two independent transformants was used to obtain the final value.
Human cell culture and transformation
All cells were grown in DMEM supplemented with 1 mM sodium pyruvate and 10% fetal bovine serum. In the case of r 0 cells that lack mtDNA, 50 mM uridine was also included. The Tim17A gene was purchased from the Mammalian Genome Collection, amplified using primers 5 0 -TCCCCTTA AGATGGAGGAGTACGCGCGAG-3 0 and 5 0 -TCCCCCCG GGCTACTGATATTGTCGATAGTC-3 0 and cloned into plasmid pIRES hyg3 (Clontech) after digestion with AflII and XmaI. A total of 5 Â 10 6 NT2 r 0 cells were transformed with 5 mg plasmid with and without the TIM17A gene by electroporation in 0.5 ml PBS, 25 mM glucose, 1.25% DMSO. Electroporation conditions were 300 mV and 950 mFD (Gene Pulser II, BioRad), with time constants of 18. An amount of 300 mg/ml hygromycin B was applied 48 h after electroporation colonies formed after 2 -3 weeks.
Cybrid formation and analysis
Cell cybrids were generated by fusing NT2 r 0 cells and enucleated osteosarcoma cells (cytoplasts) carrying A3243G mutant mtDNA, as described previously (28) , except that the mitochondrial recipient NT2 r 0 cells carried pIRES hyg3 with or without the TIM17A gene. Monoclonal and polyclonal cybrid cell lines were expanded after cell -cytoplast fusion and DNA and RNA harvested at intervals. mtDNA copy number and transcript levels were determined by quantitative PCR (qPCR) as described (64) .
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